(1) atherosclerosis as a model for chronic inflammation, (2) the lung as an example of acute inflammation and (3) the 'immune-privileged' environment of the brain to highlight specific reactions of the vasculature to ischemic damage and inflammation at this site.
Introduction
Inflammatory reactions are involved in multiple pathologic conditions including acute and chronic diseases. Inflammation encompasses a multistep process that is characterized by the release of cytokines, chemokines and growth factors, and by the transmigration of inflammatory cells, such as neutrophils, monocytes and lymphocytes, from the blood to the affected tissue. This process comprises a high level of coordination requiring effective means of intercellular communication. Gap junctions form transmembrane channels providing for direct cytoplasmic continuity between adjacent cells and thus direct intercellular exchange of information, a process referred to as gap junctional intercellular communication (GJIC) [1] .
Gap junction channels are made by the docking of two halves, each half being located at the membrane of each cell in contact. They consist of hexamers of connexin (Cx) proteins, a structure referred to as connexons or hemichannels, which by themselves may provide a means for transplasmalemmal communication [2, 3] . Ions and molecules up to 1 kDa can pass through Cx aqueous pores of a diameter of 2 nm. Numerous endogenous metabolites such as cyclic AMP (cAMP), inositol 1,4,5-triphosphate (IP 3 ) or glutamate have been shown to permeate gap junction channels [1, 2, 4, 5] . Cx proteins form a family of about 20 members and the properties of intercellular transmission of molecules through gap junction channels depend on their composition [1] [2] [3] 6] . Most tissues express more than one Cx and tissue homeostasis depends not only on intercellular communication but also on the specific pattern of Cx expression. Cxs are dynamic proteins with half-lives between 1 and 5 h, indicating that gap junction channels are fully exchanged several times per day [7] . This may provide a means to regulate direct cytoplasmic interaction between cells in normal conditions and to adapt intercellular signaling in various states of diseases. Indeed, Cx expression and distribution can change dramatically in pathologic conditions such as inflammation [8, 9] . Increasing evidence also hints at important roles of Cx hemichannels (connexons) in tissue homeostasis and in the pathophysiology of numerous diseases.
This review concentrates on the role of Cx channels (gap junctions and connexons) at the cross talk between leukocytes, the vasculature and injured tissue during progression of inflammation. Atherosclerosis has been chosen to elucidate the role of Cx channels in the regulation of chronic inflammation in the large vasculature. A closer look at the lungs allows us to characterize the function of Cx channels within the capillary bed during acute inflammation of the organ. Finally, we will address glutamate excitotoxicity and inflammation in the brain. This phenomenon typically appearing after ischemia and hemorrhage will give us the possibility to define specific signaling pathways between the brain vasculature, microglia and astrocytes.
Role of Cx Channels in the Pathogenesis of Atherosclerosis
Vascular function is orchestrated by a precisely balanced regulatory system. This implies not only the wellknown regulation of the vascular tone by molecules secreted by endothelial cells (ECs) such as nitric oxide or prostaglandins, but also an optimally operating instrument of radial and longitudinal cell-to-cell communication. Cx channels provide such a way of intercellular communication [10] [11] [12] [13] . They form not only homocellular gap junctions between adjacent smooth muscle cells (SMCs) or between neighboring ECs but also heterocellular gap junctions between ECs and SMCs. Indeed, electrical intercellular communication has been proven the basis of different types of vascular responses [14] [15] [16] , including the rapid arteriolar conducted response. Consequently, modulation of electrical communication between vascular cells by inflammatory mediators might affect vascular function. Cx37, Cx40, Cx43 and Cx45 are expressed in the vascular wall, but their expression is not uniform throughout the vascular tree. In general, Cx37 and Cx40 are co-expressed in ECs, whereas Cx43 and Cx45 are present in SMCs. In addition, Cx43 has been observed in ECs of the microvasculature, and it is present in ECs at branch points of arteries that experience turbulent blood flow [17] . There is some evidence supporting the idea that GJIC can establish between leukocytes and ECs. Thus, transmigration of leukocytes across an EC monolayer is altered in the presence of Cx-mimetic peptides or gap junction channel blockers [18] [19] [20] . However, establishment of heterocellular GJIC between leukocytes and EC (or epithelial cells) has not been observed in other laboratories [9, 21] . Additional studies in more physiological settings are needed to unambiguously address whether heterocellular GJICs are involved in leukocyte transmigration.
Atherosclerosis is a progressive disease characterized by the accumulation of macrophages, T lymphocytes, SMCs and lipids in the vascular wall in large-and medium-sized arteries. Inflammation is a central element at all stages of atherosclerosis and involves paracrine intercellular communication including cytokines, chemokines and growth factors [22] [23] [24] [25] [26] . A number of risk factors such as elevated low-density lipoprotein (LDL), obesity, free radicals, hypertension, diabetes and infectious microorganisms may cause the initiating step of atherosclerosis, i.e. endothelial dysfunction [27] . Endothelial dysfunction leads to the increase in cell adhesion molecules and secretion of chemo-attractants. Subsequently, monocytes migrate to the arterial intima where they mature into macrophages, ingest lipids and finally transform into macrophage foam cells. This fatty-steak-type of atherosclerotic lesion is later covered by SMCs that migrate from the media to the intima where they proliferate and secrete extracellular matrix components, which participate in the formation of a strong fibrous plaque. In the advanced atherosclerotic plaque, foam cells die and release lipids that form the necrotic core of the lesion. Later on, the fibrous cap may rupture and induce the formation of a thrombus at the site of the lesion, a process implicated in 60% of cases of sudden death caused by thrombosis [28] . The development of the atherosclerotic plaque in vivo, but also in in vitro exposure to atherosclerotic risk factors such as turbulent flow, hypertension and hypercholesterolemia, is correlated with changes in the pattern of vascular Cx expression [reviewed in ref. 13, 29 ] . Thus, Cx37 disappears from the endothelium covering the advanced atherosclerotic plaque and its expression is also decreased after several months of high-cholesterol diet in mice [30, 31] . Oxidation products of lipoprotein-derived phospholipids downregulate Cx37 in murine endothelium of carotid arteries and in cultured ECs [32] . Moreover, Cx37 can be found in blood monocytes, macrophages and macrophage foam cells in early and late atherosclerotic plaques as well as in SMCs beneath the advanced lesions [30, 33] . Because all these cell types are key players in atherosclerosis, we expected a role for Cx37 in atherogenesis.
The role of Cx37 in atherosclerosis was investigated in apolipoprotein E-deficient (ApoE 
ApoE
-/-mice [33] . By in vivo adoptive transfer, we showed enhanced monocyte and macrophage recruitment to the atherosclerotic lesions that was caused by elimination of Cx37 in these leukocytes but not in the endothelium. ATP can diffuse through various types of gap junctions and Cx hemichannels, including those made of Cx37 [4, 34, 35] . Interestingly, active Cx37 hemichannels inhibited leukocyte adhesion in primary monocytes, macrophages and a macrophage cell line (H36.12j). Moreover, this anti-adhesive effect was mediated by ATP release into the extracellular space [33] . Thus, Cx37 hemichannels may control the initiation of atherosclerotic plaque development by regulating monocyte adhesion by a mechanism that remains to be further investigated.
As mentioned before, the expression pattern of Cx37 shows not only specific changes during early atherosclerotic lesion development but also in late atherosclerosis. To obtain more insight into the molecular role of Cx37 in advanced atherosclerosis, micro-array analysis was used for gene expression profiling in aortas of Cx37 
-/-mice before and after 18 weeks of a cholesterol-rich diet [36] . Out of 1 15,000 genes, 106 genes were significantly differentially expressed in young mice before the diet; differences mostly involved genes in cellto-cell signaling and interaction, cellular compromise and nutritional disease pathways. In addition, in advanced atherosclerotic lesions, important changes were found in genes and proteins involved in vascular calcification and matrix degradation. Thus, Cx37 deficiency alters global differential gene expression profiles in young mice towards a pro-inflammatory phenotype, which is then further influenced in advanced atherosclerosis with possible effects on plaque stability.
Cx40 is also implicated in atherosclerotic plaque formation. Its function and expression is influenced by factors such as oxidative stress, prothrombotic molecules, pro-inflammatory cytokines and classic cardiovascular risk factors [37] . Cx40 is expressed in ECs of healthy blood vessels and it disappears from the endothelium covering advanced atherosclerotic lesions [30] . Interestingly, aging seems to induce a general decrease in endothelial Cx expression while only Cx40 remains relatively undisturbed for a long time (up to 20 months of age in rats) [38] . As this Cx takes part in the longitudinal transmission of endothelium-dependent vasodilator responses and is involved in the signal transmission between afferent arterioles and renin-secreting cells of the renal juxtaglomerular apparatus [39] [40] [41] , mice deficient in the Cx40 gene are hypertensive. Moreover, a polymorphism of Cx40 has been linked to an increased risk of hypertension [42] . Because hypertension is a well-known risk factor of atherosclerosis, in vivo studies of atherosclerosis in Cx40-deficient mice would be irrelevant. Therefore, atherosclerosis-susceptible mice with endothelial deletion of Cx40 were created using a CreLoxP approach. These mice were indeed not hypertensive and had a normal heart rate [43] . Young mice with endothelial deletion of Cx40 developed spontaneous atherosclerotic lesions in the aortic sinus even without a high-cholesterol diet. In addition, the progression of atherosclerosis was increased after 5 or 10 weeks of a high-cholesterol diet, as illustrated by the prominent detection of macrophages in these lesions ( fig. 1 ). Particularly in the early stage of atherosclerosis development, recruitment of blood monocytes depends on the expression of adhesion molecules, e.g. vascular cell adhesion molecule-1 (VCAM-1). Interestingly, VCAM-1 expression in ECs is increased in mice with endothelial deletion of Cx40. VCAM-1 expression is known to be regulated by the activity of the 5 -ecto-nucleotidase CD73 at the surface of ECs [44] . CD73 hydrolyzes extracellular nucleotides and liberates adenosine (ADO), which in turn triggers the intracellular generation of cAMP by A 2 B receptor stimulation. CD73 is known to decrease leukocyte adhesion to the endothelium, and mice with CD73 deletion show constitutive vascular inflammation [45] [46] [47] . Remarkably, mice with endothelial Cx40 deletion had decreased expression of CD73 in en face staining of the aorta. Moreover, the use of the endothelial mouse bEnd.3 cell line, which constitutively expresses CD73 and Cx40, revealed that targeting Cx40 by an antisense strategy increased monocyte adhesion to a monolayer of ECs [43] . These in vitro experiments directly indicated that deletion of endothelial Cx40 leads to increased adhesion of leukocytes to ECs, thus explaining the protective role of endothelial Cx40 in atherogenesis.
In contrast to the athero-protective role of Cx37 and Cx40, Cx43 appears atherogenic. In human coronary +/-LDLR -/-mice was altered as well: they exhibited a smaller lipid core, a reduced amount of leukocytes, and a thicker fibrous cap containing more SMCs and collagen [50] . The plaques were globally more stable in Cx43 heterozygous mice than in homozygous controls. Thus, reducing Cx43 expression in mice provides beneficial effects on both the progression and composition of atherosclerotic lesions [50, 51] . After initial investigations regarding altered Cx expression in diseased vessels of animals or humans, the availability of Cx-deficient mice has helped us to recognize the modulatory roles of these proteins in atherosclerotic disease. Thus, Cx40 appeared critical for a healthy endothelium ( fig. 2 ) . Loss of Cx40 promotes endothelial dysfunction, the initiating step of the disease. Cx37 has a protective role in early atherosclerosis by controlling ATP-dependent monocyte adhesion. In addition, Cx37 may play a role in the stability of the advanced atherosclerotic lesion. Cx43 is not only expressed in most atheromaassociated cells, it also seems to exhibit multiple, and mostly atherogenic roles throughout development of the disease. 
Role of Cx Channels in Normal and Inflamed Lungs
The lung tissue is not only the place of gas exchange, it also takes a frontline position in the defense against pathogens from the environment. The lung has been endowed with effective means to fulfill these requirements. They include the coordinated ciliary movement of tracheal, bronchial and bronchiolar airway epithelial cells, the adequate production of fluid at the airway epithelium surface and of surfactant in the alveoli. In order to integrate these different functional means, a high degree of intercellular coordination is required. Cx-made channels, both in the form of hemichannels and gap junctions, have been shown to contribute importantly to the regulation of tissue homeostasis and host defense. Each cell type in the lung expresses a distinct pattern of Cxs. The composition of this pattern influences tissue function but it does change with inflammation [reviewed in ref. [52] [53] [54] . In this section, we will review recent findings on the role of Cx channels in fine-tuning the balance between proand anti-inflammatory signaling pathways in the lung.
In epithelial cells, the intercellular propagation of calcium waves between airway, pulmonary type I and pulmonary type II cells have been involved in coordinated ciliary beating [55] [56] [57] , inflammatory cytokine production [58] , surfactant production and host defense [59] [60] [61] [62] [63] [64] . Two mechanisms of propagation, which are not mutually exclusive, have been proposed. One includes the transmission of IP 3 from one cell to another via gap junction channels [56, 57, 61, 62, 65] . A second mechanism involves functional connexons that release ATP to the extracellular space, which in turn stimulates purinergic receptors to mobilize intracellular calcium in surrounding cells [61, 63, 65, 66] . Which pathway is predominant in this context is still a matter of debate [54] . Although Cx hemichannels may contribute to ATP release, recent data in airway epithelial cells indicate that this role may instead be fulfilled by pannexons, the membrane channels constituted by pannexin 1 [67] . Of note, airway cell lines and airway cells in primary cultures under non-differentiating conditions may express distinct Cx types [53, 68] . Finally, impaired Cx channel expression/regulation may contribute to the abnormal immune response observed in pulmonary diseases like cystic fibrosis [58, [69] [70] [71] [72] . At last, loss of Cx37 expression in mouse bronchiolar airway epithelial cells has been associated with allergic airway disease and Th2 cytokine production [73] .
Cx43-mediated calcium signaling in lung tissue is thought to be important in the pathophysiology of acute inflammatory responses of the organ, particularly in pathologies such as acute lung injury (ALI) and acute respiratory distress syndrome, which are attributable to severe lung inflammation in sepsis, infection, acid aspiration or head injury [74] . ALI and acute respiratory distress are characterized by massive invasion of cells and formation of protein-rich edema fluid in the interstitial and intraalveolar spaces, which leads to impaired gas exchange and increased pulmonary resistance. These alterations result in opacities on X-rays of the lung tissue, which develop rapidly over the entire lung, thus reflecting the rapid spread of inflammation [75] . Interestingly, imaging of the intact perfused lung showed evidence of calcium waves that propagate along pulmonary vessels [76, 77] . Lung ECs have been shown to express Cx37, Cx40 and Cx43 [53, 54] . Endothelial deletion of Cx43 in mouse models abolished calcium wave propagation, suggesting a major contribution of Cx43 in this process [77] . These calcium waves were generated from a distinct subset of pacemaker ECs that are localized at the pulmonary branch points and that are particularly sensitive to mechanical stress [76] .
Cx43-dependent calcium signaling between alveolar ECs has been proposed to provide a pro-inflammatory signaling mechanism contributing to the spatial expansion of inflammation. In this context, calcium waves were shown to promote exocytosis of P-selectin in postcapillary venules [77] , thereby promoting leukocyte rolling to the vascular surface. Consistent with this finding, depression of Cx43-mediated GJIC using specific blocking peptides in mouse pneumocyte and EC lines was associated with a marked reduction in neutrophil adhesion mostly to the EC surface [78] . The pro-inflammatory role of Cx43 was confirmed in vivo using Cx43 +/-mice with reduced Cx expression in the lung. These mice showed an almost 50% decrease in neutrophil recruitment to the alveolar space 24 h after lung inflammation evoked by intratracheal instillation of Pseudomonas aeruginosa lipopolysaccharide (LPS) [78] . Finally, the intratracheal instillation of Cx43-blocking peptides efficiently reduced neutrophil recruitment after LPS treatment [78] . Conversely, mice expressing a truncated form of Cx43 (known to enhance the Cx channel function [79, 80] ) exhibited increased neutrophil recruitment in response to LPS instillation [78] . Although these results indicate that Cx43-dependent spread of calcium waves between ECs serves as a pro-inflammatory mechanism during lung inflammation by promoting adhesion of leukocytes to the endothelium, the nature of Cx43 signaling (through connexons and/or gap junctions) remains to be determined. Opening of connexons during acute cellular stress may also challenge cell fate (necrosis or apoptosis), therefore influencing the course and severity of inflammation [81] .
In contrast to Cx43, the expression of Cx40 decreased in the lung of mouse and rabbit models of ALI. This phenotype was associated with an overload of intracellular calcium in ECs, possibly because of interruption of calcium wave propagation [82, 83] . In another study, mice with endothelial-specific deletion of Cx40 showed increased transmigration of neutrophils from the blood to the alveolar space early (3-6 h) after intratracheal instillation of LPS [43] . These results are indicative of a protective role of Cx40 in the process of leukocyte recruitment. Interestingly, lung microvessels of mice with endothelialdeletion of Cx40 showed decreased expression of CD73, the ectoenzyme that hydrolyzes extracellular nucleotides to liberate ADO. Extracellular nucleotides are liberated during hypoxia or inflammation by several potential mechanisms, including exocytosis of ATP-containing vesicles or transport via hemichannels/pannexons, nucleoside transporters and ATP-binding cassette transporters [84] . There is a large body of evidence indicating that CD73 protects against ALI by preventing leukocyte adhesion to the endothelium via intracellular cAMP signaling triggered after stimulation of A 2 B receptors by ADO [85] [86] [87] . In the mouse endothelial bEnd.3 cell line, targeting Cx40 using a siRNA strategy decreased the expression and activity of CD73. This decrease in CD73 activity was associated with enhanced adhesion of neutrophils to the EC monolayer [43] . Moreover, it was shown that Cx40-made intercellular channels can convey antiadhesion signals for leukocytes between ECs following activation of ADO receptors. Thus, Cx40 contributes to anti-inflammatory signaling pathways in the lung by preventing neutrophil adhesion to the endothelium.
Of note, the opposite regulation of Cx40 and Cx43 occurs during the course of an inflammatory response in the lung [78, 82, 83, 88] . Whereas a high ratio for Cx40 (Cx40 1 Cx43) delays the adhesion of neutrophils to ECs, a high ratio for Cx43 (Cx43 1 Cx40) promotes their transmigration across the endothelial barrier ( fig. 2 ) . Cxs may also provide a bridge between inflammatory circulating cells and inflamed tissue cells. Although their expression in neutrophils is controversial [21, 89] , it was recently reported that these leukocytes may release ATP via hemichannels made of Cx43 [90] . In conclusion, Cx43-and Cx40-made channels with their specificity in propagating pro-or anti-inflammatory signals appear as key modulators of acute lung inflammation.
Role of Cx Channels in Cerebral Tissue Homeostasis and Inflammatory Responses
The brain is a highly differentiated, heterogeneous organ with distinct demands on the supplying vascular system. Though it accounts for only 2% of the body weight, it receives ϳ 15% of the cardiac output [91] . Since neurons, as well as other cell types such as oligodendrocytes, are particularly vulnerable and have a poor capacity to regenerate, brain tissue demands a continuous vascular supply of oxygen and glucose in order to maintain its structural and functional integrity [92] . Moreover, due to the heterogeneity of the tissue, energy needs are unequal and change constantly in different brain regions and as a function of its state of activity. In order to match oxygen and glucose delivery through blood flow with the local metabolic demands, the cerebral circulation is endowed with various control mechanisms comprising [93] : (1) a cerebrovascular autoregulation, which prevents harmful fluctuations in cerebral blood flow that result from changes in systemic arterial pressure; (2) a functional hyperemia, matching the delivery of blood flow according to the activity level of each brain region, and (3) a bloodbrain barrier (BBB) that impedes influx of most compounds from blood to brain and regulates the transfer of nutrients. These regulatory processes require a high degree of cellular communication which may be provided in part by Cx-made channels. In this section, we review the distinct roles of Cx-mediated communication in the context of cerebrovascular autoregulation and in the BBB in order to define the possible roles of Cx-mediated signaling in pathophysiological events such as the inflammatory reaction after hypoxic-ischemic insults [94] [95] [96] .
The vascular supply of the brain is provided by four large arteries, the carotid and the vertebral arteries, which merge to form the circle of Willis at the base of the brain [92] . The arteries arising from the circle of Willis travel along the brain surface, giving rise to arteries penetrating the brain parenchyma. Due to this special anatomic organization, two thirds of vascular resistance -and consequently the control of the parenchymal blood flow of the brain -are located outside the organ itself [97] . Cx43 and Cx40 have been shown to be expressed in SMCs and ECs of these extracerebral vessels [98] , suggesting a role for GJIC in the regulation of blood flow by transmitting upstream signaling from the brain parenchyma [99] . The exchange of signals between brain parenchyma and penetrating vessels is highly controlled. With the exception of certain brain regions such as the neurohypophysis or the pineal gland, brain tissue is separated from blood ves-sels by the closely regulated BBB [96] . Several cell types contribute to this permeability barrier. First, a monolayer of non-fenestrated blood vessel ECs exhibit tight junctions and gap junctions made of Cx43 and Cx40 [96, 100] . Secondly, this monolayer of ECs is surrounded by astrocytes that express Cx43 and Cx30 [101] . Astrocyte foot processes are in close proximity to the EC monolayer and the basal lamina. Although astrocytes do not directly contribute to the barrier functions in mammalians, they play an important role in the interaction between blood and brain tissue [96] . Finally, other cellular contributors to the BBB are pericytes, which are found between ECs, astrocytes, macrophages and the basement membrane. Apart from small molecules such as O 2 or CO 2 that have the capacity to pass the BBB along their concentration gradient without specific transport mechanisms [102] , larger molecules need special gateways. Most essential nutrients such as glucose and amino acids, but also other molecules such as insulin, leptin or iron transferrin belong to this group [103] [104] [105] . Thus, the BBB provides a natural defense against toxic and infective agents circulating in the blood and helps to maintain the chemical composition of the interstitial fluid which is required for normal functioning of the central nervous system (CNS).
The morphological and phenotypical characteristics of astrocytes are tailored to provide optimal support for synaptic transmission. Fine perisynaptic processes cover most of the synapses, but their large-diameter vascular processes, named endfeet, are closely apposed to the vessel wall and 1 99% of the intracerebral vascular surface are covered by astrocytic endfeet [106] . Interestingly, Cx43 expression is concentrated in the endfeets of astrocytes, surrounding both the EC layer of blood vessels and the synapses of neurons [106] . Taking into consideration that astrocytes cover defined non-overlapping spatial domains within which they envelop entire segments of arterioles, this distribution of Cx43 enables astrocytes to serve as a means of transmission of signaling molecules or metabolites from the endothelium to neurons and vice versa. By interastrocytic GJIC, this special control can be extended over a larger area, involving multiple astrocytic domains. Indeed, intercellular trafficking of glucose and its metabolites (including lactate) has been detected through gap junctions made of Cx30 and Cx43 using radio-labeled compounds or fluorescent glucose compounds [107] . The intercellular trafficking of such molecules involves a high degree of both neuronal and vascular regulation. Neuronal glutamatergic synaptic activity regulates the gap-junctional transfer of glucose. The gap junction-coupled astrocytic network sustains thus the delivery of glucose or lactate and finally glutamatergic synaptic transmission of neurons [108] . From the vascular point of view, vasoactive molecules such as endothelins have been shown to block glucose trafficking via gap junctions and to increase astrocytic glucose uptake and proliferation [107, 109] .
Inversely, the astrocytic network has been proposed to be the cellular correlate of communication from neurons to intracerebral blood vessels, and thus to help matching cerebral blood flow to cerebral activity [106] . Indeed, in vivo and in vitro models of neurovascular coupling suggest an increase in intracellular calcium in the astrocytic endfeet as a consequence of metabotropic glutamate receptor stimulation during synaptic transmission [110] [111] [112] . This finally results in a slow-developing vascular response, which could be either vasodilatory or vasoconstrictive. The significance of these responses needs however further evaluation [106] . In this context, products of the COX-1 metabolism and lactate concentration have been proposed to link the intracellular calcium increase in astrocytes to vascular blood flow [113, 114] .
Apart from controlling the transfer of molecules from blood to brain, the BBB plays an important role in the protection of brain tissue against pathogens as it also separates the immune system from the CNS. Only a reduced number of immune cells enter the CNS and antibodies, which are too large to pass the BBB, are absent in the CNS, conferring an 'immunoprivileged' state. It has been shown by two-photon microscopy that recruitment of blood leukocytes to the injured brain parenchyma is delayed in contrast to the rapid response observed in the meninges [115, 116] . The role of identifying and neutralizing foreign bodies is largely taken up by microglia, which constitute 20% of the total glial cell population within the CNS. These cells are continuously sensing the surrounding environment and are the first to respond to even minor pathological changes in the CNS, initiating and orchestrating a coordinated neuro-inflammatory response [117] . Once recognized, a foreign body is ingested by microglial cells, which then act as an antigen-presenting cell that activates T cells and release a number of proinflammatory cytokines and proteases. Activation of microglia might involve GJIC because the expression of Cx43 is increased in these cells in vivo after mechanical wounds [118] . Microglial cells respond to parenchymal necrotic injury in a first acute phase of process movement followed by a slower phase of soma movement. In parallel, a polarized migration of astrocytes surrounding the injury site is observed. The proposed mechanisms involve a calcium gradient within the astrocyte network depend-ing on ATP release to the extracellular environment via Cx hemichannels [116] . In contrast with these observations, however, activation of microglia has been associated with reduced Cx43 expression in astrocytes, reduced GJIC and decreased astroglial membrane resting potential in an in vitro co-culture model [119, 120] .
Pathological events such as ischemia, hemorrhage and meningitis lead to BBB disruption and an important inflammatory response. Focal ischemia follows transient or permanent flow reduction in the territory of a cerebral artery, for example after embolic or thrombotic vessel occlusion. Typically, the ischemic lesion is characterized by an infarcted core which is surrounded by the 'ischemic border zone' with metabolically active, but electrically silent, neurons [121] . Indeed, disruption of the blood flow in the brain causes considerable damage and death of neural cells. Reduced oxygen supply (either hypoxia or anoxia) triggers rapid depolarization of neurons, and greatly compromises their ability to maintain transmembrane ion gradients. This is manifested in sodium and calcium influx initiating glutamate release from neuronal terminals, thus further amplifying the vicious circle by inducing 'glutamate excito-neurotoxicity' [122, 123] . Another source of glutamate is the activated microglia itself that may release the neurotransmitter through Cx43-made hemichannels [124] . The first line of defense against glutamate excito-neurotoxicity is formed by the astrocyte network. Astrocytes capture the neurotransmitter, which may be diluted within the network via gap junctions, acting therefore as a sink for glutamate in the CNS [123, 125] . Consistent with this hypothesis, inflammation following ischemia is indeed increased in mice lacking Cx43 in astrocytes [126] . Ischemia is associated with significant ATP release followed by a highly increased concentration of ADO in the extracellular fluid in the CNS. ADO exerts a neuroprotective effect by inhibiting glutamate release. In a culture model of cerebral microvascular ECs, the production of ADO has been associated with a transient increase in the expression and activity of CD73 [127] . CD73 is expressed by several cell types in the brain including BBB ECs [128] . In the context of brain ischemia, a possible link between CD73 and Cx expression has not been directly investigated. Nevertheless, it is interesting to note that increased ADO concentration leads to increased Cx43 expression and stimulates GJIC in pituitary folliculostellate cells [129] . Due to the close proximity between CD73-expressing BBB ECs and Cx43-expressing astrocytes, a hypothetical regulation of Cx43 by CD73 may contribute to the dilution of glutamate through the astrocyte network.
Astrocytes contain a high concentration of glutathione and ascorbate providing thus a protective mechanism against reactive oxygen species. In cases of severe injury, the role of astrocytes may turn from good to bad as they may become a source of glutamate. Depolarization of astrocytes together with increased extracellular sodium concentration can reverse the glutamate transporter, thus producing glutamate efflux [123, 130] . Furthermore, hemichannels may be involved in the release of glutamate by astrocytes as they can be opened by conditions such as low extracellular calcium, acidosis or activation of P 2 X 7 receptors by high concentrations of extracellular ATP, conditions which are typically associated with ischemia [123, 131] . Finally, GJIC of death signals between astrocytes may further contribute to the deleterious outcome after brain ischemia together with rapid depolarization (spreading depression), which determine the infarct size [123, 132] .
Concluding Remarks
Within the vascular tree, Cxs play key roles in vascular pathophysiology. They also have a large, many-sided impact on disease development. In particular, the cross talk between the injured tissue and the vasculature, including adhesion and transmigration of inflammatory cells, is a key element of the inflammatory response. In large vessels such as the aorta, Cxs contribute to the chronic inflammatory response in the development of atherosclerosis. They show a dynamic expression pattern in atherogenesis and interfere in different steps of atherosclerotic plaque development. Thus, Cx37-made hemichannels in monocytes contribute to their adhesion and transmigration process across the endothelium. Endothelial Cx40 is implied in transmitting an anti-adhesive and thus antiinflammatory signal within the vascular endothelium. Often there is a balance between pro-and anti-inflammatory signaling pathways: in acute lung inflammation, Cx43 contributes to the spread of pro-inflammatory calcium waves within the lung capillary bed, leading to the expression of surface adhesion molecules for leukocytes. Contrary to this, recent data revealed that endothelial Cx40 delays the initiation of acute lung inflammation by promoting the intercellular exchange of ADO-evoked anti-inflammatory signaling along the vascular endothelium. Interestingly, Cx-specific signaling pathways can change importantly under inflammatory conditions: in the brain, astrocytic Cx43 is known to promote glucose transport from the vascular system to neurons and to help adapting the glucose supply to the actual needs of the tissue. Under pathological conditions such as focal ischemia and the subsequent massive release of glutamate, astrocytic Cx43 conveys the spread of pro-inflammatory calcium waves from the site of defect towards the intracerebral vasculature. Thus, Cxs confer many aspects of tissue homeostasis. Remarkably, CD73 represents a hitherto unrecognized link between the communication pathways of hemichannels and gap junction channels, which may have profound consequences on the regulation of calcium signaling in inflamed tissues. Indeed, regulation of CD73 by GJIC may modulate the extracellular ATP/ADO ratio, and therefore influence the signaling pathways generated in target cells. Further research may reveal possibilities to influence the balance between pro-and anti-inflammatory signaling in the different sections of the vasculature to obtain beneficial effects on the outcome of diseases.
